Radiative equilibrium in planetary atmospheres.  II - An analysis and interpretation of some Venus observations based on a single reflecting cloud layer model by Bartko, F. & Hanel, R. A.
. 
- .  





. .' , 
x-622 5-43 6 
-\ RADIATIVE ESI)-UILIBRIUM 
IN PLANETARY ATMOSPHERES It. 
A N  ANALYSIS AND INTERPRETATION 
OF SOME VENUS OBSERV&TIONS , 
, 
BASED ON A SINGLE REFLECTING 
CLOUD LAYER MODE'L 
._ 
. 
F. BARTKO . 
~ 
' ! I \  4 f '  R. &:HA 
N 66 - 17 23 1 I ' \  1 -3. 
- I (  
I R O  
, \+ (ACCESSION NUMBER) 
GPO PRICE S 
CFSTl PRICE(S) $ n 
(CODE) IPAGkSI 1 + :  ; 
L (CATEGORY) 
(NASA CR OR TMX OR A D  NUMBER) Hard copy (HC) L? 00 ' " ' 
- 
Microfiche (MF) ' 75 I - 
ff OS3 July OS 
I 
SEPTEMBER 1965 . 
I 
\ 




1 . '* 
I 
I -. 
R a d i a t i v e  E q u i l i b r i u m  i n  P l a n e t a r y  
Atmospheres 11, An A n a l y s i s  and 
I n t e r p r e t a t i o n  of Some Venus O b s e r v a t i o n s  




R .  A .  Hanel 
Goddard Space F l i g h t  C e n t e r  
G r e e n b e l t ,  Maryland 
. 
September 9 .  1965 
, 
SUMMARY 
The e q u i l i b r i u m  t empera tu re  d i s t r i b u t i o n ,  thermal e m i s s i o n  
I 
s pec t rum,  and  l i m b  f u n c t i o n  of a nongrey Nz-COZ-HZO model atmos- 
phere have been computed fo r  a large v a r i e t y  of a tmosphe r i c  pa ra -  \ 
', 
v i c i n i t y  of t h e  c l o u d  t o p s .  Near in f ra red  a b s o r p t i o n  by COa of 
d i r e c t  and d i f f u s e l y  reflected so lar  r a d i a t i o n  as w e l l  as nonblack  
c l o u d  e m i s s i v i t i e s  have been inc luded .  
I 
meters which are a p p r o p r i a t e  ?or  t he  atmosphere of Venus i n  t h e  \ 
The i m p o r t a n t  e f f ec t s  of the n e a r  i n f r a r e d  solar h e a t i n g  by --. 
C02 a b s o r p t i o n ,  t h e  water vapor  amount, and t h e  c l o u d  top  p r e s s u r e  
l e v e l  on t h e  computed r e s u l t s  a r e  demonstrated. An a p p l i c a t i o n  of 
t h a t  a tmosphe r i c  a b s o r p t i o n  by C02 c a n n o t  accoun t  fo r  t h e  l i m b  
d a r k e n i n g  obse rved  i n  t h e  8-131.1 region. Othe r  c o n c l u s i o n s  
r e s u l t i n g  from a s t u d y  of t he  water vapor  abundance and thermal  
e m i s s i o n  spec t rum depend on  t h e  c l o u d  composi t ion .  If t h e  c l o u d s  
are  ice c rys t a l s ,  t h e i r  e l e v a t i o n  is  a t  t h e  0.2-0.4 a t m  p r e s s u r e  
l e v e l .  I f  t h e i r  compos i t ion  i s  nonaqueous,  a p r e s s u r e  l e v e l  sf 
0.4-0.5 a t m  may be a s s i g n e d  t o  t he  c l o u d  t o p s .  These r e s u l t s  are 
based on t h e  assumpt ion  of a s i n g l e  r e f l e c t i n g  c l o u d  l a y e r . ,  an 
assumed C02 c o n c e n t r a t i o n  of 5% and a b r i g h t n e s s  t e m p e r a t u r e  
of 225°K f o r  t h e  c l o u d  t o p s  i n  the  8-13p s p e c t r a l  i n t e r v a l .  
r e l a t i v e  impor tance  of t h e  e f f e c t s  of v a r i o u s  phenomena on the  
I 
t h i s  s t u d y  t o  s e v e r a l  o b s e r v a t i o n s  of Venus y i e l d  the c o n c l u s i o n  \ 
\ 
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LIST OF SYMBOLS -- 
C - S p e c i f i c  h e a t  (ca l  gm- l  OK-'). 
d - P a r t i c l e  d i a m e t e r  (mic rons ) .  
P 
VFa - Convec t ive  Zlux (watts cm-2). 
g - G r a v i t a t i o n a l  a c c e l e r a t i o n  on Venus (877 c m  sec-2) .  
h - Vertical d i s t a n c e  (km). 
H - P r e s s u r e  scale h e i g h t  (km) (Ho = v a l u e  a t  273OK). 
H* - Water vapor  scale  h e i g h t  (km). 
i - S u b s c r i p t  d e n o t i n g  wavenumber i n t e r v a l .  
- Mixing l e n g t h  (km). 
m - Absorp t ion  c o e f z i c i e n t  d e f i n e d  by T = (mu*)". 
n - Exponent  i n  computa t ion  of o p t i c a l  t h i c k n e s s .  
P - P r e s s u r e  (Po = 1 atm). 
- C02 volume c o n c e n t r a t i o n . .  
- H20 volume c o n c e n t r a t i o n .  4c02 'H20 
'H20 - H20 s a t u r a t i o n  volume c o n c e n t r a t i o n .  
r - Cloud r e f l e c t i v i t y .  
S - S p e c t r a l  l i n e  i n t e n s i t y  (cm gm-l>. 
T - Atmospheric  t empera tu re  (To = 273%). 
t - S p e c t r a l  l i n e  s p a c i n g  (cm-1). 
C 
U* - Modi f i ed  p r e s s u r e  and t e m p e r a t u r e  r educed  p a t h  l e n g t h  
V - Mean gas v e l o c i t y  (cm sec-l). 
(cm a t m  or gm/cm2>. 
- 
X - Paramete r  p r o p o r t i o n a l  t o  t h e  p r o d u c t  of t h e  s p e c t r a l  
l i n e  i n t e n s i t y  and t h e  r a t i o  of t h e  p a t h  l e n g t h  and 
l i n e  h a l f  w i d t h .  
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P r e s s u r e  broadened line h a l f - w i d t h .  
Pa rame te r  p r o p o r t i o n a l  t o  t h e  r a t i o  of t h e  s p e c t r a l  
l i n e  h a l f - w i d t h  %Q t h e  ave rage  l i n e  s p a c i n g .  
S u p e r a d i a b a t i c  t empera tu re  g r a d i e n t  (% km-l] ., 
A d i a b a t i c  t empera tu re  g r a d i e n t  (OK km-’) a 
Exponent d e s c r i b i n g  t empera tu re  dependence of ;ebsorp“,%on 
by e x c i t e d  bands .  
R a t i o  of s p e c i f i c  h e a t s ,  cpJcv. 
S p e c t r a l  e m i s s i v i t y  of c l o u d  s u r f a c e .  
S o l a r  z e n i t h  a n g l e .  
Atmospheric v i s c o s i % y .  
D i r e c t i o n  c o s i n e  (p = c:os8). 
Wavenumber (cm-1) e 
Atmospheric  d e n s i t y  cmm3). 
D e n s i t y  of p e r t u r b e d  a tmosphe r i c  e lement  (@I ~ r n ” ~ )  
O p t i c a l  t h i c k n e s s  
V i.i 
. 
I .  INTRODUCTION 
I n  a p r e v i o u s  s t u d y ,  t h e  a u t h o r s  (Reference  1) c o n s i d e r e d  t h e  
s t r u c t u r e  of a p l a n e t a r y  atmosphere i n  a s t a t e  of r a d i a t i v e  e q u i l i -  
brium. The r a d i a t i v e  b a l a n c e  of a n i t rogen-ca rbon  d i o x i d e  atmos- 
p h e r e  w a s  de t e rmined  t o  y i e l d  a number of t e m p e r a t u r e  d i s t r i b u t i o n s .  
I n  t h a t  non-grey s t u d y ,  t h e  a b s o r p t i o n  spec t rum of C02 was d i v i d e d  
i n t o  18 i n t e r v a l s .  Absorp t ion  c o e f f i c i e n t s  were d e r i v e d  f o r  e a c h  
of these i n t e r v a l s  from t h e  c a l c u l a t i o n s  of S t u l l ,  W y a t t  and P l a s s  
(Refe rence  2) and from t h e  l a b o r a t o r y  data of Burch, Gryvnak, 
S i n g l e t o n ,  F rance  and W i l l i a m s  (Reference 3 ) .  The s t r o n g  l i n e  
approx ima t ion  (Reference  4 ,  f o r  example) w a s  found t o  be v a l i d  €or 
t h e  range of p r e s s u r e s ,  t e m p e r a t u r e s ,  and c o n c e n t r a t i o n s  unde r  
c o n s i d e r a t i o n .  Fu r the rmore ,  a p lane  p a r a l l e l  a tmosphere  c o n s i s t i n g  
,of 34 l a y e r s  of c o n s t a n t  mix ing  r a t i o ,  i n  local  thermodynamic 
e q u i l i b r i u m  w a s  assumed. A lower s u r f a c e  w i t h  a s p e c i f i e d  t e m -  
p e r a t u r e  and e m i s s i v i t y  and solar r a d i a t i o n  i n c i d e n t  from above 
comple ted  t h e  boundary c o n d i t i o n s .  R a d i a t i v e  b a l a n c e  w a s  o b t a i n e d  
by an  i t e r a t i v e  c a l c u l a t i o n  on a d i g i t a l  computer .  
A large number of s o l u t i o n s  were found for  v a r i o u s  C02 concen- 
t r a t i o n s ,  solar z e n i t h  a n g l e s ,  and c l o u d  t o p  t e m p e r a t u r e s ,  
e m i s s i v i t i e s  and p r e s s u r e s .  Each s o l u t i o n  y i e l d e d  a t e m p e r a t u r e  
p r o f i l e ,  t h e  associated s p e c t r a l  i n t e n s i t i e s ,  and t h e  l i m b  
f u n c t i o n s .  
The p r imary  r e s u l t s  of t h e s e  s t u d i e s ,  as a p p l i e d  t o  a p o r t i o n  
of t h e  Venus a tmosphe re ,  i n d i c a t e d  t h a t  n e a r - i n f  rared a b s o r p t i o n  
of s o l a r  r a d i a t i o n  by C02 causes c o n s i d e r a b l e  a tmosphe r i c  h e a t i n g .  
Tempera tu res  above t h e  c l o u d  l a y e r  may d i f f e r  by as much as 7OoK 
between t h e  s u b s o l a r  p o i n t  and t h e  n i g h t  s ide .  The c l o u d  t o p  
p r e s s u r e  l e v e l  a l so  produced s i g n i f i c a n t  e f f e c t s  w h i l e  the  
v a r i a t i o n  of t h e  C02 c o n c e n t r a t i o n  and t h e  c l o u d  t o p  e m i s s i v i t y  
w a s  l e s s  pronounced.  
A number of new f e a t u r e s  were i n t r o d u c e d  i n t o  t h e s e  c a l c u l a -  
t i o n s  t o  improve a n d  g e n e r a l i z e  t h e i r  a p p l i c a b i l i t y .  The changes  
were made desirable  p a r t l y  by t h e  r e s u l t s  o b t a i n e d  from t h a t  s t u d y  
and p a r t l y  by new o b s e r v a t i o n a l  data.  
Some p r e v i o u s l y  o b t a i n e d  s o l u t i o n s  showed large t e m p e r a t u r e  
g r a d i e n t s  n e a r  t h e  c l o u d  t o p  s u r f a c e .  I n  some cases, t h e  a d i a b a t i c  
l a p s e  r a t e  w a s  exceeded  and ,  a c c o r d i n g  t o  t h e  Schwarzsch i ld  
s t a b i l i t y  c r i t e r i o n ,  c o n v e c t i v e  t r a n s p o r t  of ene rgy  would take p l a c e  
A more r e a l i s t i c  t r e a t m e n t  shou ld  t h e r e f o r e  i n d l u d e ’  c o n v e c t i o n ,  
and hence t h e  c a l c u l a t i o n s  were m o d i f i e d  t o  i n c o r p o r a t e  t hese  




I n  a p p l y i n g  t h e s e  c a l c u l a t i o n s  t o  t h e  atmosphere of Venus, a 
second m o d i f i c a t i o n  w a s  found n e c e s s a r y ,  as a r e s u l t  of r e c e n t  
o b s e r v a t i o n s  which conf i rmed t h e  p r e s e n c e  of water v a p o r .  Hence ,  
an a n a l y s i s  of  a b s o r p t i o n  l a w s ,  s imi la r  t o  t h a t  ca r r ied  o u t  Sor  C02, 
was a p p l i e d  t o  t h e  water vapor  spec t rum and a b s o r p t i o n  c o e f f i c i e n t s  
were d e r i v e d ,  
The f i n a l  change c o n c e r n s  t h e  method of o b t a i n i n g  t h e  t e m -  
p e r a t u r e  d i s t r i b u t i o n .  T h i s  change i s  minor a l t h o u g h  i t  is e x p e c t e d  
to y i e l d  somewhat more a c c u r a t e  t e m p e r a t u r e s  a 
The above m o d i f i c a t i o n s  p e r m i t  a s t u d y  of t h e  f o l l o w i n g  i t e m s :  
1 )  The e f f e c t s  of  water vapor  on t h e  e q u i l i b r i u m  
t empera tu re  p r o f i l e s ,  
2) The e f f e c t s  of a tmosphe r i c  p a r a m e t e r s  on t h e  
c o n v e c t i v e  mot ions  a r i s i n g  from c o n v e c t i v e l y  
u n s t a b l e  s o l u t i o n s ,  
3) The dependence of t h e  the rma l  e m i s s i o n  s p e c t r a  
and t h e  l i m b  f u n c t i o n s  on t h e  a tmosphe r i c  
p a r a m e t e r s ,  
which may be compared w i t h  p l a n e t a r y  o b s e r v a t i o n s  
4 )  A s y n t h e s i s  of t h e  above a n a l y s i s  i n t o  s o l u t i o n s  
Before  t h e s e  i t e m s  are i l l u s t r a t e d ,  a b r i e f  d i s c u s s i o n  of t h e  
v a r i o u s  m o d i f i c a t i o n s  a p p l i e d  t o  t h e  c a l c u l a t i o m w i l l  be p r e s e n t e d .  
11. NEW FEATURES OF THE CALCULATIONS - --
A .  Water Vapor Absorp t ion  
The a b s o r p t i o n  spec t rum of water vapor  c o n s i s t s  of  t h r e e  
i n t e r v a l s  of i n t e r e s t :  t h e  n e a r  i n f r a r e d  spec t rum from 1 t o  513 
w i t h  numerous bands ,  t h e  6 . 3 ~  band e x t e n d i n g  Srom 5 t o  81.1, and t h e  
p u r e  r o t a t i o n  band c o v e r i n g  t h e  i n t e r v a l  from 10 t o  1OOOy. 
For t h i s  a n a l y s i s ,  t h e  6 e 3 p  band 1s d i v i d e d  i n t o  t w o  and 
t h e  r o t a t i o n  band i n t o  4 i n t e r v a l s  as shown i n  Table I .  Although 
t h e  r o t a t i o n  band e x t e n d s  below 20p and  o v e r l a p s  t h e  C02 a b s o r p t i o n ,  
it i s  i g n o r e d  i n  t h i s  range w i t h  onLy t h e  C02 a b s o r p t i o n  t a k e n  
i n t o  account .  T h i s  s i m p l i f i c a t i o n  a p p e a r s  j u s t i f i e d ,  s i n c e  t h e  
o p t i c a l  t h i c k n e s s  of H 2 0  i n  t h e  10-20p r e g i o n  is a t  l e a s t  one 
o r d e r  of magnitude smal le r  t h a n  t h a t  of CO2 f o r  t h e  c o n c e n t r a t i o n s  
e x p e c t e d  o n  Venus. For t h e  same r e a s o n ,  t h e  n e a r  i n f r a r e d  
a b s o r p t i o n  of HAO w a s  i g n o r e d .  
a n d  € o r  t h e  p r e s s u r e  r ange  1 “bo a t m .  The a b s o r p t i o n  spec t rum 
of water vapor  h a s  been s t u d i e d  i n  d e t a i l  by a number of i n v e s t i -  
g a t o r s .  
Water vapor  a b s o r p t i o n  data are r e q u i r e d  between 150-300oK 
A conven ien t  summary h a s  been  g i v e n  by Goody (Reference 5) 
2 
TABLE I 
S p e c t r a l  
I n  t e  r v  a1 
(cm-1) 
S p e c t r a l  
I n t e r v a l  
( r-l) 
2000-1600 
1600-1100 500-333 333-250 250-200 200-0 
5 -6 .3  
6.3-9.1 20-30 30-40 40-50 50-00 
~~ 
2 .  2x105 6.  6x104 2 .4x105 4 .  2x105 l . l x 1 0 6  
0.10 0.09 0.09 0 .09  0 .09  
1 . 0  2 .0  2.0 2.0 2 . 0  
0 . 6  0 . 3  0.3 0 .3  0.3 
3. i X 1 0 3  1 . 0 ~ 1 0 3  3. 8x103 6 .  6x103 1 . 7 ~ 1 0 4  
+ computed for 9 x 
+ Requirement  ? o r  s t r o n g  l i n e  approximation : X = 




U s i n g  fundamental  data such  as l i n e  w i d t h s ,  s p a c i n g s  and i n t e n s i t i e s ,  
a check f o r  t h e  v a l i d i t y  of t h e  s t r o n g  l i n e  approx ima t ion  w a s  
carr ied o u t ,  T h i s  approx ima t ion  was f i t t e d  t o  t h e  data of Burch 
e t  a1 (Reference  3) f o r  t h e  6.311. band and t h e  data of Palmer 
(Reference  6 )  f o r  t h e  r o t a t i o n  band u s i n g  water vapor  amounts f rom 
t h e  e x p r e s s i o n  f o r  t h e  o p t i c a l  t h i c k n e s s  i n  t h e  s p e c t r a l  i n t e r v a l  i ,  
~i = ( m i U i * ) n i ,  are summarized i n  Table  11, a l o n g  w i t h  an  updated  
l i s t  of C02 c o e f f i c i e n t s .  The t e m p e r a t u r e  dependence of t h e  popu- 
l a t i o n s  of t h e  r o t a t i o n a l  l e v e l s  of t h e  p u r e  r o t a t i o n  band and of 
t h e  v i b r a t i o n a l  l e v e l  f o r  t h e  6.3~ band w a s  n e g l e c t e d .  The p r e s s u r e  
and t empera tu re  dependence of t h e  l i n e  h a l f - w i d t h s  are i n c l u d e d .  
t o  lom2 gm/cm2. The r e s u l t i n g  c o e f f i c i e n t s  m and  n used  i n  
B. Vertical  D i s t r i b u t i o n  of Water Vapor - 
The c a l c u l a t i o n s  descr ibed i n  P a r t  I (Refe rence  1) i n c o r -  
porate a c o n s t a n t  mix ing  r a t i o  for C02. S i n c e  C02 c o n d e n s a t i o n  
a p p e a r s  t o  be u n l i k e l y ,  t h i s  p rocedure  is  j u s t i f i e d .  However, t h e  
r e l a t i v e  ease w i t h  which water vapor  may condense f o r  t h e  p r e s s u r e s  
and t e m p e r a t u r e s  c o n s i d e r e d ,  makes i t  desirable t o  r e p r e s e n t  t h e  
v e r t i c a l  d i s t r i b u t i o n  of i t s  C o n c e n t r a t i o n  i n  a v a r i a b l e  f a s h i o n .  
T h i s  may be accompl ished  by s p e c i f y i n g  t h e  c o n c e n t r a t i o n  as a 
f u n c t i o n  of p r e s s u r e ,  f o r  example,  as shown i n  Eq. (1) 
(1)  
The e f f e c t s  of  a c o n s t a n t  as w e l l  as a v a r i a b l e  concen- 
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1 . 2  x 101 
7.8 x 10-5 
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2000-2600 6.6 0.50 0 
2600-8000 1.1 10-3 0.50 0 
1700-8000(solar) 4.9 x lom7 0.27 0 
U* - C02 i n  cm a t m  
U* - H 2 0  i n  gm/cm2 
5 
C. Convect ive  Ef f e c t s  
The r e s u l t s  of P a r t  I of t h i s  s t u d y  showed i n  many cases 
a r a d i a t i v e  g r a d i e n t  exceed ing  t h e  adiabat ic  one ,  i n d i c a t i n g  a 
zone of i n s t a b i l i t y .  The r a d i a t i v e  g r a d i e n t  is  t h e n  n o t  realized. 
The c r i t e r ion  f o r  s t a b i l i t y  as f o r m u l a t e d  by K.  Schwarzsch i ld  
(See Refe rences  7 and 8 ,  f o r  example) is e x p r e s s e d  i n  terms of t h e  
adiabat ic  g r a d i e n t ,  and t h e  g rad ien t  a c t u a l l y  ma in ta ined .  The 
a tmosphere  is stable a g a i n s t  c o n v e c t i o n  i f  
dT 
2 (5) dT . 
a c t u a l  adiab (z) 
T h i s  c r i t e r i o n  and t h e  f l u x  c o n t i n u i t y  c o n d i t i o n  y i e l d  t h e  i n t e r -  
face between zones of r a d i a t i v e  and  c o n v e c t i v e  t ransfer .  F o r  a 
homogeneous atmosphere these c o n d i t i o n s  are e q u i v a l e n t  t o  c o n t i n u i t y  
of t h e  t empera tu re  and t h e  t e m p e r a t u r e  g r a d i e n t  a t  t h e  d e s i r e d  
i n t e r f a c e  . 
A mod i f i ed  form of Equa t ion  (2)  was a p p l i e d  i n  t h e  computer 
c a l c u l a t i o n  u s i n g  a method of s u c c e s s i v e  approx ima t ions  and t a k i n g  
t h e  a d i a b a t i c  p r o f i l e  as t h e  i n i t i a l  t e m p e r a t u r e  estimate. The 
atmosphere above a s p e c i f i c  l a y e r  w a s  p e r m i t t e d  t o  a d j u s t  t o  r a d i a t i v e  
e q u i l i b r i u m  to  e s t a b l i s h  t h e  g r a d i e n t  a t  t h i s  l a y e r .  G e n e r a l l y ,  10 
i t e r a t ions  were found t o  be s u f f i c i e n t .  A t  t h e  same t i m e ,  t h e  adia- 
b a t i c  p r o f i l e  w a s  assumed t o  e x i s t  between t h i s  l a y e r  and t h e  c l o u d  
s u r f a c e .  A l l  l a y e r s  c o n t r i b u t e  t o  t h e  r a d i a t i v e  s o l u t i o n  a l t h o u g h  
t h e  c o n s t a n t  f l u x  c r i t e r i o n  i s  a p p l i e d  o n l y  t o  t h e  l a y e r s  above t h e  
c o n v e c t i v e  zone. I n  most cases, t h e  no rma l i zed  g r a d i e n t  w i l l  be 
h i g h l y  p o s i t i v e  a t  t h e  s t a r t i n g  l a y e r  i n d i c a t i n g  t h a t  t he  d e s i r e d  
boundary must occur  a t  h i g h e r  p r e s s u r e s .  A s  t h e  n e x t  s t e p ,  t h e  
i n t e r f a c e  i s  a d j u s t e d  toward t h e  c l o u d  s u r f a c e  and the  r a d i a t i v e  
s o l u t i o n  e s t a b l i s h e d  above t h i s  new l a y e r .  T h i s  p r o c e s s  c o n t i n u e s  
u n t i l  t h e  boundary c o n d i t i o n s  are s a t i s f i e d  w i t h i n  a p r e d e t e r m i n e d  
t o l e r a n c e .  Af te r  f i n d i n g  t h e  boundary l o c a t i o n ,  t h e  s o l u t i o n  i n  
t h e  r a d i a t i v e  zone i s  i te ra ted  u n t i l  t h e  n e t  f l u x  i s  c o n s t a n t  o v e r  
t h e  whole r a d i a t i v e  zone. 
I n  a d d i t i o n  t o  d e t e r m i n i n g  t h e  t ropopause  h e i g h t ,  t h e  
c a l c u l a t i o n  p e r m i t s  an a s ses smen t  of s e v e r a l  o ther  e f f e c t s  re- 
s u l t i n g  from t h e  c o n v e c t i v e  t r a n s f e r .  A t  e a c h  p o i n t  i n  t h e  con- 
v e c t i v e  zone,  t h e  d i f f e r e n c e  between t h e  c o n s t a n t  f l u x  i n  t h e  
r a d i a t i v e  regime and t h e  r a d i a t i v e  f l u x  i n  t h e  c o n v e c t i v e  zone 
i s  t h e  amount of e n e r g y  t r a n s p o r t e d  by c o n v e c t i o n ,  nFa. 
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. I n  t h e  a tmosphere ,  t h i s  f l u x  i s  produced by t h e  v e r t i c a l  
mot ion  of m a s s  e l e m e n t s ,  which may be w r i t t e n ,  n e g l e c t i n g  geo- 
p o t e n t i a l  and k i n e t i c  e n e r g i e s ,  
\ nFa = pvc T . 
P 
(3) 
.- I n  general ,  one h a l f  of t h e  a r e a  e l emen t  dA c o n t a i n s  upward mot ion  
w h i l e  t h e  o ther  h a l f  m a i n t a i n s  downward mot ion ,  so  t h a t  t h e  n e t  
c o n v e c t i v e  f l u x  nFa may t h e n  be e x p r e s s e d  as 
- 
The q u a n t i t y  i s  a c h a r a c t e r i s t i c  l e n g t h ,  v i s  t h e  
average v e l o c i t y  of t h e  moving e l e m e n t ,  and  ( @ - 9 * )  is t h e  excess of 
t h e  t r u e  g r a d i e n t  o v e r  t h e  a d i a b a t i c  g r a d i e n t ,  
To o b t a i n  a f u r t h e r  r e l a t i o n s h i p  among t h e  p a r a m e t e r s  t h e  
e q u a t i o n  of mot ion  of t h e  a tmospher ic  e l e m e n t s  may be i n t e g r a t e d .  
The e q u a t i o n  of mot ion  i s  expres sed  as t h e  b a l a n c e  of t h e  buoyant  
and  t h e  i ne r t i a l  forces a c t i n g  on t h e  e l emen t :  
where p* i s  t h e  d e n s i t y  of moving e l e m e n t ,  and  p t h e  d e n s i t y  of 
t h e  envi ronment .  A t  any g i v e n  t i m e ,  t h e  c o n v e c t i v e  m o t i o n s  may 
be c o n s i d e r e d  as t h e  s u p e r p o s i t i o n  of p e r i o d i c ,  closed p a t h  l o o p s  
carried o u t  by t h e  moving e l emen t s .  To a f i r s t  app rox ima t ion ,  
E q .  ( 5 )  may be i n t e g r a t e d  t o  y i e l d  an  ave rage  v e l o c i t y  7, 
The ave rage  v e r t i c a l  v e l o c i t y  and t h e  e x c e s s  g r a d i e n t  may 
be r e f o r m u l a t e d  by combining E q s .  (4 )  and (6) w i t h  t h e  adiabatic 
g a s  l a w ,  t o  y i e l d  
( 7) v(h)  = - an d 
. .  




The q u a n t i t i e s  7 and p *  are e x p r e s s e d  as f u n c t i o n s  of known quan- 
t i t i e s  w i t h  t h e  e x c e p t i o n  of t h e  c o n v e c t i v e  f l u x ,  nFa, and t h e  
m i x i n g  l e n g t h ,  
, 
The c o n v e c t i v e  f l u x  was o b t a i n e d  d i r e c t l y  from t h e  computer 
s o l u t i o n .  The mixing l e n g t h ,  , is more d i f f i c u l t  t o  o b t a i n .  I t  
may be d e f i n e d  as t h e  c h a r a c t e r i s t i c  l e n g t h  o v e r  which t h e  l i n e a r  
momentum, pv, is conse rved ,  approx ima te ly .  I n  a v e r t i c a l  column of 
g a s  t h e  d e n s i t y  p and t h e  v e l o c i t y  'i; of t h e  r i s i n g  e l e m e n t s  s t e a d i l y  
d i m i n i s h  wi th  h e i g h t .  Hence, an ou t f low of material must o c c u r  a t  
t h e  s i d e s  of t h e  column. The d i s t a n c e  o v e r  which 
is d e f i n e d  here as t h e  mix ing  l e n g t h  and may be e x p r e s s e d  more 
c o n v e n i e n t l y  as 
By an  i t e r a t i v e  p r o c e s s  i n v o l v i n g  E q u a t i o n s  ( 7 )  and (10) and t h e  
computed c o n v e c t i v e  f l u x ,  t h e  coedf  i c i e n t s  f o r  a T a y l o r  expans ion  
of t h e  mixing l e n g t h  are o b t a i n e d ,  
where x is t h e  d i s t a n c e  from t h e  t ropopause  and H t h e  d e n s i t y  
scale h e i g h t  of an  adiabat ic  a tmosphere .  The d i s t a n c e  x is  assumed 
t o  be sma l l - compared  t o  t h e  d e n s i t y  scale h e i g h t .  The mix ing  l e n g t h  
i s  s l i g h t l y  less t h a n  one h a l f  of t h e  d i s t a n c e  from a p a r t i c u l a r  
l a y e r  t o  t h e  t ropopause .  
W i t h  t h i s  r e s u l t ,  t h e  s u p e r a d i a b a t i c  g r a d i e n t  and t h e  
ave rage  v e r t i c a l  v e l o c i t y  may be computed. The g r a d i e n t  w a s  found 
t o  exceed the  a d i a b a t i c  g r a d i e n t  by one d e g r e e  p e r  km a t  m o s t ,  so  
t h a t  t h e  u s e  of t h e  a d i a b a t i c  p r o f i l e  i n  t h e  computa t ion  a p p e a r s  
j u s t i f i e d .  The d e s i r e d  v e r t i c a l  v e l o c i t i e s  were t h e n  computed 
u s i n g  t h e  mixing l e n g t h  a c c o r d i n g  t o  E q .  (11). 
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One may t h e n  p roceed  a s t e p  f u r t h e r  and de te rmine  t h e  
m a x i m u m  p a r t i c l e  s ize  which could  be s u p p o r t e d  by t h e s e  v e l o c i t i e s  
on t h e  assumption of S t o k e s '  l a w :  
1 /2  
For  t h e  rough es t imates  of p a r t i c l e  s i z e s  p r e s e n t e d  l a t e r ,  more 
s o p h i s t i c a t e d  forms of S t o k e s '  l a w  s u c h  as used  i n  Ryan's s t u d y  on 
Mars (Reference  9) are p r o b a b l y  n o t  warranted. 
D.  Temperature  C a l c u l a t i o n  
The s o l u t i o n  for t h e  t empera tu re  d i s t r i b u t i o n  d e s c r i b e d  
p r e v i o u s l y  (Reference 1) requi res  t h e  s p e c i f i c  t e m p e r a t u r e  which 
b a l a n c e s  t h e  e m i s s i o n  of each l a y e r  w i t h  i t s  a b s o r p t i o n .  A r e l a t i o n -  
s h i p  between t h e  e m i s s i o n  of a l a y e r  and  i t s  t e m p e r a t u r e  w a s  e s t a b -  
l i s h e d  by computing an  a r r a y  of v a l u e s  of e m i s s i o n ,  o p t i c a l  
t h i c k n e s s ,  and t e m p e r a t u r e .  When t h e  a b s o r p t i o n  w a s  computed, t h e  
v a l u e  of e m i s s i o n  i d e n t i c a l  t o  t h e  a b s o r p t i o n  w i t h  t h e  a p p r o p r i a t e  
v a l u e  of o p t i c a l  t h i c k n e s s  was used t o  i n s p e c t  t h e  p r e v i o u s l y  
computed table  f o r  t h e  v a l u e  of t e m p e r a t u r e  which s a t i s f i e d  t h e  
above c o n d i t i o n s .  T h i s  procedure  s o m e t i m e s  y i e l d e d  s l i g h t l y  
d i f f e r e n t  v a l u e s  of o p t i c a l  t h i c k n e s s  i n  each  s i d e  of t h e  ene rgy  
b a l a n c e  e q u a t i o n  Tor t h o s e  cases which showed v e r y  s t e e p  g r a d i e n t s .  
A new approach  was the reTore  adop ted  i n  which t h e  v a l u e  
of o p t i c a l  t h i c k n e s s  f o r  a l a y e r ,  based  on t h e  p r e v i o u s l y  i t e r a t e d  
t e m p e r a t u r e  d i s t r i b u t i o n  i s  used i n  t h e  emis s ion  as w e l l  as t h e  
a b s o r p t i o n  t e r m ,  t h u s  e l i m i n a t i n g  t h e  s m a l l  d i s c r e p a n c y .  
111. EFFECTS OF INDIVIDUAL PARAMETERS -
The maximum number of p a r a m e t e r s  used  i n  any a n a l y s i s  is  
de te rmined  by t h e  a b i l i t y  t o  r e p r e s e n t  t h e  phys ica l .  s i t u a t i o n  and 
by t h e  number of independen t  o b s e r v a t i o n a l  data which are a v a i l a b l e  
f o r  i n t e r p r e t a t i o n .  Fo r  t h i s  s tudy  of t h e  Venus a tmosphere ,  t h e  
f o l l o w i n g  p a r a m e t e r s  were s e l e c t e d .  
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The e f f e c t s  of a v a r i a t i o n  of s p e c i f i e d  combina t ions  of 
t h e s e  p a r a m e t e r s  may be s t u d i e d  on t e m p e r a t u r e  d i s t r i b u t i o n s ,  t he rma l  
e m i s s i o n  s p e c t r a ,  and l i m b  f u n c t i o n s .  I n  t h e  f o l l o w i n g  d i s c u s s i o n s ,  
t h e  e f f e c t s  of t h e  above p a r a m e t e r s  on each of t h e s e  r e s u l t s  w i l l  be 
p r e s e n t e d  s e p a r a t e l y .  
A. E f f e c t s  on  Temperature  D i s t r i b u t i o n  -
The r e s u l t s  of a p r e v i o u s  p a r a m e t r i c  a n a l y s i s  (Reference  
1) a p p l i e d  t o  t h e  e q u i l i b r i u m  t e m p e r a t u r e  d i s t r i b u t i o n s  are summarized 
i n  F i g u r e s  1 a n d  2. I n  F i g u r e  1, the  s t r o n g  e f f e c t  of t h e  nea r -  
i n f r a r e d  s o l a r  h e a t i n g  is  e v i d e n t  from t h e  change of t e m p e r a t u r e s  
w i t h  t h e  s o l a r  z e n i t h  a n g l e .  The large t e m p e r a t u r e  d i f f e r e n c e s  
found between n i g h t  and day are unde r s tood  by a larger s o l a r  c o n s t a n t ,  
a r e l a t i v e l y  h i g h  C02 c o n c e n t r a t i o n ,  and a h i g h  c l o u d  t o p  r e f l e c t i v i t y .  
F igu re  2 i l l u s t r a t e s  t h e  i n f l u e n c e  of t h e  C02 c o n c e n t r a t i o n  
on the  e q u i l i b r i u m  t e m p e r a t u r e s  f o r  two c l o u d  t o p  p r e s s u r e s .  The C02 
e f f e c t s  d i f f e r  somewhat f o r  n i g h t  and day.  On t h e  n i g h t  s i d e  t e m -  
p e r a t u r e s  depend l i t t l e  on t h e  C02 c o n c e n t r a t i o n ,  e x c e p t  i n  t h e  upper-  
m o s t  l a y e r s ,  which are able t o  c o o l  more e f f e c t i v e l y  f o r  t h e  h i g h e r  
C02 c o n c e n t r a t i o n s .  
e s p e c i a l l y  near t h e  c l o u d  s u r f a c e  where t h e  o p a c i t y  f o r  solar  
r a d i a t i o n  i s  g r e a t e s t ,  t h u s  i n c r e a s i n g  t h e  solar  h e a t i n g  i n  t h e s e  
l a y e r s  f o r  h i g h e r  C02 amounts. The s t r o n g  i n f l u e n c e  of t h e  c l o u d  
t o p  p r e s s u r e  i s  also e v i d e n t .  
The i n f l u e n c e  of t h e  I c l o u d  t o p  e m i s s i v i t y  op t h e  t e m -  
p e r a t u r e  d i s t r i b u t i o n s  i s  n o t  i l l u s t r a t e d .  An e m i s s i v i t y  of 0.8. 
showed neg l ig ib l e  i n f l u e n c e  on t h e  shape  of t h e  e q u i l i b r i u m  t e m -  
p e r a t u r e  d i s t r i b u t i o n s .  S i m i l a r l y ,  a 10% v a r i a t i o n  i n  t h e  adop ted  
v a l u e  of 0.6 fo r  t h e  n e a r  i n f r a r e d  c l o u d  t o p  r e f l e c t i v i t y  shows a 
minor  e f f e c t  and i s  n o t  shown. 
d i s t i n c t l y .  T h i s  is shown i n  F i g u r e  3 f o r  a c l o u d  t o p  p r e s s u r e  
of 0.3 a t m ,  f o r  noon and n i g h t  c o n d i t i o n s .  S e v e r a l  concen- 
t r a t i o n s  and t h e i r  r e s p e c t i v e  s a t u r a t i o n  c u r v e s  (Reference  10)  
are i l l u s t r a t e d .  
The i l l u m i n a t e d  hemisphere  shows la rger  e f f e c t s ,  
Water vapor  i n f l u e n c e s  t h e  e q u i l i b r i u m  t e m p e r a t u r e s  
1 0  
A l s o  shown f o r  the  same t o t a l  amounts of H20 under  noon 
t i m e  c o n d i t i o n s ,  are t w o  a d d i t i o n a l  t e m p e r a t u r e  d i s t r i b u t i o n s  
u s i n g  water vapor  scale h e i g h t s  of 1/3 and 2/3 t h e  p r e s s u r e  scale 
h e i g h t .  Such v a r i a t i o n s  a l l o w  an e f f e c t i v e  balance of H20 c o o l i n g  
a n d  C02 h e a t i n g ,  y i e l d i n g  a n e a r l y  isothermal atmosphere.  A t  t h e  
same t i m e ,  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  upper  r e g i o n s  
d e p a r t  f u r t h e r  away from t h e  s a t u r a t i o n  c u r v e s .  Tropopause h e i g h t s  
are a l so  i n d i c a t e d ,  when t h e y  appear  . 
The e f fec ts  of water vapor  on t h e  e q u i l i b r i u m  t e m p e r a t u r e  
d i s t r i b u t i o n s  may be summarized as follows. 
1. Large  amounts of water vapor  i n t r o d u c e  sub- 
s t a n t i a l  c o o l i n g  of t h e  s u n l i g h t  hemisphere.  
T h i s  is  unders tood  from t h e  a tmosphe r i c  
o p a c i t y  i n  t h e  r o t a t i o n a l  band,  where approx i -  
m a t e l y  one-half  of t h e  ene rgy  spec t rum l i e s . ,  
2. A growth i n  t h e  c o n v e c t i v e  zone r e s u l t s  w i t h  
t h e  a d d i t i o n  of water. Again,  t h e  cooling 
i n f l u e n c e  of w a t e r  vapor  i n c r e a s e s  t h e  r a d i a t i v e  
g r a d i e n t  and the  c o n v e c t i v e  f l u x ,  t h u s  
e x t e n d i n g  t h e  zone t o  greater a l t i t u d e s .  
3. The c o n d e n s a t i o n  p r o p e r t i e s  of water vapor  
coup led  w i t h  t h e  c o n v e c t i v e  i n s t a b i l i t y  imply 
t h a t  t h e  n i g h t  side c l o u d  t o p s  would grow t o  
h i g h e r  a l t i t u d e s  t h a n  t h e  day t i m e  c l o u d s ,  
o ther  p a r a m e t e r s  b e i n g  he ld  c o n s t a n t .  On 
t h e  i l l u m i n a t e d  hemisphere c o n d e n s a t i o n  may 
or may n o t  take p l a c e  depending  on t h e  water 
vapor  c o n c e n t r a t i o n  and i t s  v e r t i c a l  d i s -  
t r i b u t i o n .  In  e i t h e r  hemisphere ,  t h e  l a t e n t  
heat released or absorbed i n  t h e  vapor - i ce  
p h a s e  t r a n s i t i o n s  would y i e l d  a s u b s t a n t i a l  
i n f l u e n c e  on t h e  r e s u l t i n g  c l o u d  t o p  t e m p e r a t u r e  
as w e l l  as t h e  v e r t i c a l  d i s t r i b u t i o n  a d j a c e n t  
t o  t h e  c l o u d  t o p s .  
A s  d i s c u s s e d  p r e v i o u s l y ,  an a s ses smen t  of t h e  e f fec t  
o f  t h e  a tmosphe r i c  parameter on  t h e  r e l e v a n t  q u a n t i t i e s  of t h e  
c o n v e c t i v e  motion i s  p o s s i b l e .  The dependence of t h e  t ropopause  
h e i g h t ,  t h e  magnitude and t h e  ver t ica l  d i s t r i b u t i o n  of the  con- 
v e c t i v e  f l u x ,  and t h e  a s s o c i a t e d  v e r t i c a l  gas v e l o c i t i e s  may be 
s t u d i e d .  F i g u r e  4 shows each of these i t e m s  f o r  one p a r t i c u l a r  
combina t ion  of a tmosphe r i c  parameters. 
The s i t u a t i o n  i l l u s t r a t e d  is  for  an  0.3 a t m  c l o u d  t o p  
p r e s s u r e  l e v e l  under  n i g h t  time c o n d i t i o n s  and u n i t  e m i s s i v i t y .  
The c o n v e c t i v e  f l u x ,  t h e  mixing l e n g t h ,  t h e  mean v e r t i c a l  v e l o c i t y ,  
and maximum p a r t i c l e  s i z e  are shown as a f u n c t i o n  of t h e  d i s t a n c e  
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from t h e  t ropopause .  I n  a l l  cases s t u d i e d  the  c o n v e c t i v e  f l u x  
i n c r e a s e d  w i t h  t h e  s q u a r e  of t h e  d i s t a n c e  from t h e  t ropopause .  
S i n c e  t h e  a n a l y s i s  i s  based  upon a mix ing  l e n g t h  t h e o r y  and o t h e r  
s i m p l i f i c a t i o n s ,  t he  r e s u l t s  f o r  t h e  mean v e l o c i t i e s  and p a r t i c l e  
s i z e s  are only  approximate .  
A s t u d y  of s e v e r a l  s e t s  of  computa t ions  shows t h a t  t he  
magnitude of the c o n v e c t i v e  f l u x  increases as t h e  c l o u d  t o p  
p r e s s u r e  i s  increased, p r i m a r i l y  as a r e s u l t  of t h e  increased 
a tmospher i c  d e n s i t y .  The c o r r e s p o n d i n g  mean v e r t i c a l  v e l o c i t i e s  
and maximum p a r t i c l e  diameter decrease i n  magni tude,  however. 
C. E f f e c t s  o n  Thermal E m i s s i o n  S p e c t r a  -
The e f fec ts  of t h e  a tmosphe r i c  p a r a m e t e r s  on t h e  t h e r m a l  
e m i s s i o n  s p e c t r a  w i l l  now be d i s c u s s e d .  The m o s t  i n f l u e n t i a l  
parameter is  t h e  solar  r a d i a t i o n .  For t h e  case i l l u s t r a t e d  i n  
F i g u r e  5 where t h e  b r i g h t n e s s  t e m p e r a t u r e  is  p l o t t e d  as a f u n c t i o n  
of wavenumber, w i t h  t h e  wavenumber scale a r r a n g e d  i n  e q u a l  ene rgy  
i n c r e m e n t s  €or a 225OK blackbody,  so la r  h e a t i n g  r e v e r t s  the 1 5 ~  C02 
band from pure  a b s o r p t i o n  t o  a p a r t i a l l y  a b s o r p t i o n  and p a r t i a l l y  
e m i s s i o n  spectrum. The most dominant f e a t u r e  is t h e  1 5 ~  CO, band, 
a l t h o u g h  t h e  r o t a t i o n  band of H20 a p p e a r s  modera t e ly  s t r o n g .  The 
8-13U r e g i o n  appea r s  r a t h e r  un i fo rm,  e x c e p t  f o r  s u b s o l a r  c o n d i t i o n s  
ivlicre the t empera tu re  dependence 0 2  t h e  C02 bands,  combined w i t h  a 
l a r g e  t empera tu re  i n v e r s i o n  produce  modera te  f e a t u r e s .  
The e f f e c t  of c l o u d  t o p  p r e s s u r e  i s  a l so  pronounced 
( F i g u r e  6). For l o w  p r e s s u r e s ,  v e r y  l i t t l e  s t r u c t u r e  a p p e a r s  i n  
t h e  spec t rum,  due t o  t h e  s m a l l  t o t a l  o p a c i t y  of t h e  a tmosphere .  
A t  h ighe r  p r e s s u r e s  s p e c t r a l  f e a t u r e s  s t a n d  o u t  s t r o n g l y ,  even  f o r  
small. C02 c o n c e n t r a t i o n s .  F i g u r e  7 shows t h e  e f f e c t s  of  v a r y i n g  
t h e  C02 c o n c e n t r a t i o n  under  n i g h t  t i m e  c o n d i t i o n s .  A s  e x p e c t e d ,  
t h e  s p e c t r a l  f e a t u r e s  become more i n t e n s e  as t h e  o p a c i t y  of  t h e  
atmosphere i n c r e a s e s  
The e f f e c t s  of c l o u d  t o p  e m i s s i v i t y  are shown i n  F i g u r e  8. 
For  t h i s  s t u d y ,  t h e  e m i s s i v i t y  beyond 13~1 w a s  t a k e n  as u n i t y  b u t  
w a s  p e r m i t t e d  t o  assume some s p e c i f i e d  v a l u e  a t  sho r t e r  wave- 
l e n g t h s .  The combinat ion of s u r f  ace t e m p e r a t u r e  and e m i s s i v i t y  
was a d j u s t e d  t o  m a i n t a i n  abou t  225"K, close t o  t h e  obse rved  v a l u e  
of t h e  b r i g h t n e s s  t empera tu re  i n  t h e  a t m o s p h e r i c  window. The 
e f f e c t s  i n  t h e  15p band and t h e  r o t a t i o n a l  band are moderate. A 
small i n c r e a s e  i n  t h e  s u r f a c e  t e m p e r a t u r e  w i t h  a c o n s t a n t  e m i s s i -  
v i t y  e l e v a t e s  t h e  e n t i r e  spec t rum,  k e e p i n g  t h e  shape  of t h e  spec t rum 
e s s e n t , i a l l y  i n t a c t .  
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F i g u r e  9 i l l u s t r a t e s  t h e  e f fec ts  of v a r y i n g  t h e  H20 
c o n c e n t r a t i o n .  The p r imary  i n f l u e n c e  a p p e a r s  i n  t h e  r o t a t i o n a l  
band f o r  l a r g e  c o n c e n t r a t i o n s .  
C. E f f e c t s  on t h e  L imb  Func t ions  
The computed l i m b  f u n c t i o n s  allow f u r t h e r  s t u d i e s  of t h e  
model a tmospheres .  The l i m b  f u n c t i o n s  depend p r i m a r i l y  on t h e  
op t i ca l  t h i c k n e s s  of t h e  atmosphere.  I n  t h e  absence  of s t r o n g  
s c a t t e r i n g  e f f e c t s ,  t he  v a r i a t i o n s  i n  the  l i m b  f u n c t i o n  depend on 
t h e  t e m p e r a t u r e  v a r i a t i o n s  ove r  t he  s u r f a c e s  of c o n s t a n t  o p t i c a l  
t h i c k n e s s .  
Two of t h e  e igh teen  s p e c t r a l  i n t e r v a l s  are i l l u s t r  t ed  i n  B F i g u r e  10. These are t h e  1064 c m - 1  band and t h e  625-640 cm- 
r e g i o n  and they  r e p r e s e n t  w e a k l y  and  s t r o n g l y  a b s o r b i n g  i n t e r v a l s ,  
r e s p e c t i v e l y .  The l i m b  f u n c t i o n  v a r i a t i o n  i s  de te rmined  by t h e  
magnitude of t h e  t e m p e r a t u r e  i n v e r s i o n ,  and therefore by solar 
h e a t i n g ,  and t h e  o p a c i t y  of the s p e c t r a l  i n t e r v a l .  The e f f e c t  of 
solar  h e a t i n g  on t h e  weak i n t e r v a l  is  w e l l  i l l u s t r a t e d  w h i l e  t h e  
C02 i n f l u e n c e  i s  shown best  by t h e  s t r o n g l y  a b s o r b i n g  i n t e r v a l .  
F i g u r e  11 shows the  effect  of c l o u d  top p r e s s u r e  on t h e  
l i m b  f u n c t i o n s ,  t h e  v a r i a t i o n s  be ing  larger f o r  t h e  weakly (495-550 
c m - l )  a b s o r b i n g  i n t e r v a l .  The H20 v a r i a t i o n  i s  smal l ,  a l t h o u g h  a 
s l i g h t  r e v e r s a l  of t h e  pressure e f f e c t  is  s e e n  i n  t h e  s t r o n g l y  
a b s o r b i n g  i n t e r v a l  (625-660 cm-1) i n  F i g u r e  11. The ef fec t  of 
v a r y i n g  t h e  c l o u d  t o p  e m i s s i v i t y  is n e g l i g i b l e  f o r  t h e  i n t e r v a l s  
d i s c u s s e d  and is  n o t  i l l u s t r a t e d .  
I V .  APPLICATION OF RESULTS TO A COMPARISON WITH SOME VENUS 
OBSE - -  --RVATIO~S- 
S e v e r a l  o b s e r v a t i o n s  are avai lable  which may p r o v i d e  a t e s t  
of these  c a l c u l a t i o n s .  These are c o n s i d e r e d  i n  t h e  f o l l o w i n g  
order:  
A .  
B. 
C. 
V a r i o u s  o b s e r v a t i o n s  r e l a t i n g  t o  t h e  p r e s e n c e  of 
water vapor .  (References  11, 1 2 ,  13, 1 4 ,  15, 16, 17) 
Limb f u n c t i o n  o b s e r v a t i o n s  i n  t h e  8-13p i n t e r v a l  by 
S i n t o n  and S t r o n g  (Reference 18),  by S i n t o n  
(Reference  19)  and the  more r e c e n t  t he rma l  maps 
obtained by Murray, Wildey , and Westphal (Reference  
20) . 
The thermal  emis s ion  spectra  measured i n  t h e  8-13p 
i n t e r v a l  by S i n t o n  and S t r o n g  (Reference 18). 
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A. Water Vapor Measurements 
A knowledge of t h e  p r e s e n c e  of water vapor  i n  t h e  Venus 
atmosphere is v e r y  s i g n i f i c a n t .  I n  moderate  t o  l a r g e  m o u n t s ,  water 
i n f l u e n c e s  t h e  a tmosphe r i c  s t r u c t u r e  from a r a d i a t i v e  as w e l l  as a 
dynamica l  p o i n t  of view. The q u e s t i o n  of c l o u d  compos i t ion  is  
a l so  a s s o c i a t e d  w i t h  t h e  p re sence  of water i n  t h e  vapor  s t a t e .  
F i n a l l y ,  t h e  p r e s e n c e  of water i s  an i m p o r t a n t  i n d i c a t i o n  of t h e  
h i s t o r i c a l  development of t h e  p l a n e t  and i t s  atmosphere.  The d i s -  
c u s s i o n  p r e s e n t e d  h e r e  w i l l  on ly  be concerned  w i t h  t h e  i n f l u e n c e  of 
water vapor  on t h e  a tmosphe r i c  s t r u c t u r e  and i t s  r e l a t i o n  t o  
c l o u d  phenomena. 
The e x i s t e n c e  of water vapor  i n  t h e  Venus atmosphere w a s  
f i r s t  sugges t ed  b y  S t r o n g  e t  a l ' s  1959 b a l l o o n  measurements 
(Reference 21 ) .  These were r e p e a t e d  i n  1964 w i t h  improved a p p a r a t u s  
and a g a i n  y i e l d e d  p o s i t i v e  r e s u l t s  (Reference 1 3 ) .  S i m i l a r  measure- 
m e n t s  by D o l l f u s  (Reference  17) u s i n g  t h e  1.381-1 r e g i o n  were a l so  
p o s i t i v e .  I n  bo th  cases t h e  ac tua l  q u a n t i t i e s  of water v a p o r  
deduced r e q u i r e  c o n s i d e r a b l e  i n t e r p r e t a t i o n  s ince  t h e  v a l u e s  depend 
h e a v i l y  on t h e  p r e s s u r e  l e v e l  of t h e  r e f l e c t i n g  l a y e r .  On t h e  o t h e r  
hand,  S p i n r a d ' s  (Reference 11) s p e c t r o s c o p i c  a n a l y s i s  of t h e  .87y 
bands h a s  produced f o r  t h e  mass mix ing  r a t i o ,  a v a l u e  l e a d i n g  
t o  amounts below B o t t e m a  e t  a l ' s  and D o l l f u s ' s  amounts ,  u n l e s s  t h e  
r e f l e c t i n g  c l o u d  l a y e r  i s  p l a c e d  a t  r e l a t i v e l y  h i g h  p r e s s u r e s  
a tm) .  
Another o b s e r v a t i o n  i n d i c a t i n g  t h e  p r e s e n c e  of water vapor  
is  t h e  more r ecen t  balloon measurements of Bottema, Plummer, S t r o n g ,  
and Zander (Reference  14) which have shown t h a t  t h e  r e f l e c t i v i t y  of 
t h e  c l o u d  l a y e r  i n  t h e  Venus a tmosphere  t o  be s i m i l a r  t o  t h a t  of 
i ce  c r y s t a l s .  N e v e r t h e l e s s ,  h i g h  r e s o l u t i o n  s p e c t r a  o b t a i n e d  by 
Kuiper  (Reference 15) and by Moroz (Reference  16)  near 2y  do  n o t  
r e v e a l  t h e  c h a r a c t e r i s t i c  ice c r y s t a l  a b s o r p t i o n .  No a t t e m p t  w i l l  
be made a t  r e c o n c i l i n g  t h e s e  r e s u l t s ;  i n s t e a d  an a n a l y s i s  p r e -  
s e n t i n g  bo th  v i e w p o i n t s  w i l l  be c o n s i d e r e d  and i l l u s t r a t e d  h e r e .  
S ince  t h e  deduced amounts of water vapor  depend s t r o n g l y  
on t h e  c loud  t o p  p r e s s u r e  l e v e l ,  t h e  l i m i t s  u s u a l l y  quo ted  f o r  t h i s  
l e v e l  i n  t h e  l i t e r a t u r e  (Reference  2 2 ,  for example) (0,09 - 0 . 6 0 . a t d  . 
w i l l  be i l l u s t r a t e d .  Table  IIX summarizqS t h e  water vapor  con- 
c e n t r a t i o n s  deduced €or each  p r e s s u r e  l e v e l ,  f o r  t w o -  of t h e  i n v e s t i -  
g a t i o n s  c i t e d ,  The r e s u l t s  of t h e  c a l c u l a t i o n s  u s i n g  t h e  v a l u e s  
l i s t e d  i n  Table 111 are i l l u s t r a t e d  in F i g u r e s  1 2 ,  13 and 14 .  
1.4 
TABLE I11 - H20 CONCENTRATIONS 
Reflecting Layer Pressure Level 
~ 
0.09 atm. 0.60 atm. 
Spinrad(l963) Volume Concentration 1.6x1@ 1 . 6 ~ 1 0 - ~  
Bottema e t  a1 (1965) Volume 
Concentration 
4 .  2 x 1 ~ - 3  6 7 ~ 1 0 ~ ~  
Saturation Volume Concentration 5 6 x 1 ~ - 4  8 . 3 ~ 1 0 - ~  
. - . 
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Consider  f i rs t  a c l o u d  l a y e r  c o n s i s t i n g  of ice  c r y s t a l s . '  
Under  t hese  c o n d i t i o n s ,  t h e  obse rved  amount of water must p r o v i d e  
s a t u r a t i o n  a t  t h e  c l o u d  t o p .  Fo r  0.09 a t m  ( F i g u r e  12)  and a c l o u d  
t o p  e m i s s i v i t y  of u n i t y ,  t h e  l a r g e  deg ree  of cool ing g e n e r a t e d  by 
t h e  e m i s s i o n  i n  t h e  H20 r o t a t i o n a l  band o f f s e t s  t h e  s o l a r  h e a t i n g  
due t o  n e a r  i n f r a r e d  a b s o r p t i o n  by C02. Comparison w i t h  t h e  con- 
d e n s a t i o n  cu rve  i m p l i e s  a s u p e r - s a t u r a t e d  atmosphere even under  
noon-time c o n d i t i o n s  and hence i s  i n c o m p a t i b l e  w i t h  t h i s  p r e s s u r e  
l e v e l .  On the  n i g h t  s i d e ,  t h e  condensa t ion  coup led  w i t h  c o n v e c t i v e  
mot ions  would e l e v a t e  t h e  c l o u d  top  t o  h i g h e r  a l t i t u d e s .  
I n  F i g u r e  13, t h e  r e f l e c t i n g  c l o u d  l a y e r  i s  p l a c e d  a t  0.60 
a t m  and t h e  r e s u l t s  show t h a t  t h e  s o l a r  h e a t i n g  produced  by t h e  n e a r  
i n f r a r e d  a b s o r p t i o n  of C02 dominates  t h e  H20 c o o l i n g .  The t e m -  
p e r a t u r e  d i s t r i b u t i o n s  do n o t  a l l o w  s a t u r a t i o n  a t  t h i s  p r e s s u r e  
l e v e l .  Hence, t h e  c l o u d  l a y e y ,  i f  composed of i c e ,  must be p l a c e d  
a t  a h i g h e r  e l e v a t i o n ,  u n t i l  s a t u r a t i o n  is p o s s i b l e  a t  t h e  c l o u d  
t o p s .  T h i s  o c c u r s  a t  approx ima te ly  0.30 a t m ,  a l t h o u g h  a more 
d e f i n i t e  l e v e l  i s  n o t  o f f e r e d  s i n c e  t h e  a b s o r p t i o n  l a w  ( 1 . 1 3 ~  band) 
i s  i n t e r m e d i a t e  between weak and s t r o n g  fo r  t h i s  p r e s s u r e  r ange  
and  water amount. T h i s  i n t e r p r e t a t i o n  i m p l i e s  t h a t  t h e  obse rved  
water p e r t a i n s  e s s e n t i a l l y  t o  t h e  c lear  atmosphere above t h e  c l o u d s  
and  n o t  t o  deeper  l a y e r s .  
The above a n a l y s i s  may r e p r e s e n t  an ove r - s impl i f  i e d  i n t e r -  
p r e t a t i o n  s i n c e  o t h e r  a tmosphe r i c  c o n d i t i o n s  are c a p a b l e  of 
p r o v i d i n g  a l t e r n a t i v e  p o i n t s  of view which  m i g h t  s t i l l  be c o n s i s t e n t  
w i t h  t h e  0.09 a t m  l e v e l .  Among these p o s s i b l e  c o n d i t i o n s  are: 
1. The c l o u d  t o p  e m i s s i v i t y  may be l e s s  t h a n  u n i t y  and 
t h e r e f o r e  t h e  t r u e  t e m p e r a t u r e  i n  t h e  v i c i n i t y  of t h e  c l o u d  t o p s  
may be h i g h e r  t h a n  t h e  obse rved  b r i g h t n e s s  t e m p e r a t u r e  of a b o u t  225OK. 
Cloud e m i s s i v i t i e s  n e a r  u n i t y  are charac te r i s t ic  of t h i c k  water or 
i c e  c r y s t a l  c louds .  Lower v a l u e s  of e m i s s i v i t y  c o r r e s p o n d  t o  e i t h e r  
nonaqueous or s e m i - t r a n s p a r e n t  c i r r u s - t y p e  c l o u d s  . The r educed  
a p p a r e n t  b r i g h t n e s s  t e m p e r a t u r e  w h i c h  r e s u l t s  i n  such  cases corres- 
ponds t o  h i g h e r  v a l u e s  of t r u e  c l o u d  t o p  t e m p e r a t u r e .  The c o r r e s -  
ponding  e q u i l i b r i u m  t e m p e r a t u r e  d i s t r i b u t i o n s  may t h e n  be s h i f t e d  
beyond t h e  s a t u r a t i o n  c u r v e s  and c o n d e n s a t i o n  t h u s  avo ided .  
The c a l c u l . a t i o n s  u s i n g  a c l o u d  e m i s s i v i t y  of  0.5 w i t h  
a c l o u d  t o p  t empera tu re  of 255OK p l a c e d  a t  0.09 a t m  i s  shown i n  
F i g u r e  1 4 .  Condensat ion would a g a i n  o c c u r ,  and s i n c e  0.5 is 
p robab ly  a lower rea l i s t ic  l i m i t  f o r  t h e  c l o u d  e m i s s i v i t y ,  t h i s  
p r e s s u r e  l e v e l  may be rejected.  
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2.  The H2Oi measurements may have a c t u a l l y  "pene t r a t ed"  
th rough  t h e  c l o u d s  t o  deepe r  l a y e r s ,  s o  t h a t  t h e  water vapor  
c o n c e n t r a t i o n s  shown i n  Tab le  111 s h o u l d  be c o n s i d e r e d  upper  
l i m i t s .  If water amounts which c o u l d  a v o i d  c o n d e n s a t i o n  are des i red ,  
t h e n  the  o b s e r v a t i o n  would be r e q u i r e d  t o  p e n e t r a t e  one or t w o  
scale  h e i g h t s  i n t o  or below t h e  c l o u d s .  Although t h i s  r equ i r emen t  
i s  rather  s e v e r e  f o r  a s i n g l e  r e f l e c t i n g  c l o u d  l a y e r ,  i t  i s  
d i f f i c u l t  t o  r e j ec t  c a t e g o r i c a l l y .  
3. The water vapor  may e x i s t  i n  a nonuniform v e r t i c a l  
d i s t r i b u t i o n  i n  which case t h e  t o t a l  amount of  H20 deduced would 
be modified.  Also shown i n  F i g u r e s  1 2  and 14 are t e m p e r a t u r e s  com- 
p u t e d  w i t h  a v e r y  nonuniform v e r t i c a l  H 2 0  d i s t r i b u t i o n ,  k e e p i n g  t h e  
t o t a l  amount t h e  same as i n  t h e  uniform d i s t r i b u t i o n  case. For a 
c l o u d  e m i s s i v i t y  of u n i t y ,  t h e  p r e v i o u s  c o n c l u s i o n s  are n o t  s i g n i -  
f i c a n t l y  a l tered.  If t h e  c l o u d  e m i s s i v i t y  i s  a b o u t  0.5,  t h e n  con- 
d e n s a t i o n  for noon t i m e  c o n d i t i o n s  c o u l d  be p a r t i a l l y  a v o i d e d ,  
a l t h o u g h  larger solar  z e n i t h  a n g l e s  would s t i l l  e x h i b i t  c o n d e n s a t i o n .  
A g a i n ,  t h i s  c o n s t r a i n t  on water c l o u d s  i s  s e v e r e ,  and t h e  v e r t i c a l  
d i s t r i b u t i o n  used  rather ex t reme.  Condensa t ion  a p p e a r s  t o  be d i f f i -  
c u l t  t o  a v o i d .  Hence ,  t h e  t h i r d  a l t e r n a t i v e  may be discarded. 
The n e t  c o n c l u s i o n  of  t h i s  p a r t  of t h e  a n a l y s i s ,  w i t h  some reser- 
v a t i o n ,  is  t h a t  t h e  r e f l e c t i n g  i c e  c rys t a l  c l o u d  l a y e r  s h o u l d  e x i s t  
a t  t h e  0.20-0.40 a t m  p r e s s u r e  l e v e l  w i t h  an assumed c l o u d  t o p  
t e m p e r a t u r e  of 225OK . 
A s imi la r  a n a l y s i s  may now be c o n s i d e r e d  f o r  nonaqueous 
c l o u d s .  I n  t h i s  case, t h e  atmosphere must everywhere l i e  w e l l  
below s a t u r a t i o n .  A t yp ica l  v a l u e  t h a t  may be c o n s i d e r e d  €or  t h e  
mass mix ing  ra t io  of water vapor  is Sp in rad ' s  v a l u e  of lom6. 
e m i s s i v i t y  of u n i t y ,  condensa t ion  i s  n o t  possible  under  d a y t i m e  
c o n d i t i o n s  €or e i t h e r  the  0 .09  o r  0.60 a t m  cases as shown i n  
F i g u r e s  1 2  and 13. For both  p r e s s u r e  l e v e l s ,  c o n d e n s a t i o n  and 
c l o u d  f o r m a t i o n  would be l i k e l y  on t h e  dark hemisphere a l t h o u g h  
a n  e m i s s i v i t y  as low as 0.5 may res t r ic t  the  c o n d e n s a t i o n  on t h e  n i g h t  
s ide  t o  t h i n  haze l a y e r s  i n  the  upper  r e g i o n s .  C o n c e n t r a t i o n s  l e s s  
t h a n  or e m i s s i v i t i e s  of about  one-half  would be n e c e s s a r y  t o  
a v o i d  H20 c l o u d s  e n t i r e l y  on t h e  n i g h t  s ide .  E i t h e r  r equ i r emen t  
would be c o n s i s t e n t  w i t h  nonaqueous c l o u d s  f o r  most  p r e s s u r e  l e v e l s ,  
However, t w o  l i m i t s  on t h e  c loud  top p r e s s u r e  may be d e r i v e d  on t h e  
a s sumpt ion  of nonaqueous c l o u d s ,  If a t o t a l  water c o n t e n t  of 
9 x loa3 gm/cm2 ( B o t t e m a  e t  a l ) ( R e f e r e n c e  13) is assumed t o  e x i s t  
above t h e  c l o u d s ,  w i t h  a c l o u d  top t e m p e r a t u r e  of 225OK, t h e n  c l o u d  
t o p  p r e s s u r e s  i n  e x c e s s  of 0.4 a t m  are r e q u i r e d  t o  a v o i d  s a t u r a t i o n  
a t  t h e  c l o u d  t o p s .  An upper  i m i t  may be de te rmined  w i t h  
S p i n r a d ' s  mix ing  r a t i o  o€ lo-'. An examina t ion  of F i g u r e  13 
r e v e a l s  t h a t  a t e m p e r a t u r e  of 2250K i s  n o t  a c h i e v e d  w i t h  t h e  
For an  
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s a t u r a t i o n  c u r v e  f o r  p r e s s u r e s  l e s s  t h a n  1 atmosphere.  I n  f a c t ,  a 
p r e s s u r e  of 31 a tmospheres  is  n e c e s s a r y  t o  r e a c h  a t e m p e r a t u r e  of 
225OK. I f  lower  e m i s s i v i t i e s  and h i g h e r  t e m p e r a t u r e s  are 
a p p r o p r i a t e ,  t hen  t h i s  p r e s s u r e  range would be s h i f t e d  t o  h i g h e r  
v a l u e s .  F u r t h e r  c o n c l u s i o n s  on the  c l o u d  l e v e l  and o the r  atmos- 
p h e r i c  pa rame te r s  w i l l  be c o n s i d e r e d  i n  t h e  subsequen t  s e c t i o n s  
d e a l i n g  w i t h  o t h e r  o b s e r v a t i o n s .  
The de t a i l ed  t h e r m a l  maps produced by Murray, Wildey and 
Westphal  (Reference  20) and t h e  l i m b  f u n c t i o n s  o b t a i n e d  by S i n t o n  
a n o t h e r  s e t  of o b s e r v a t i o n a l  data t o  compare w i t h  t h e  computed 
r e s u l t s .  The l a t t e r  measurements i n d i c a t e  a d a r k e n i n g  p r o p o r t i o n a l  
t o  t h e  s q u a r e  r o o t  of t h e  view a n g l e  c o s i n e ,  w h i l e  Murray e t  a l ' s  d a t a  
show a somewhat weaker dependence. 
l and S t r o n g  (Reference  18)  and by S i n t o n  (Reference  19)  p r o v i d e  
The r e s u l t s  are compared i n  F i g u r e  15 i n  which  t h e  p a r -  
t i a l l y  i l l u m i n a t e d  hemisphere i s  obse rved  t o  y i e l d  a d a r k e n i n g  n o t  
g e n e r a l l y  d i f f e r e n t  from t h e  n i g h t  s i d e  of t h e  p l a n e t .  However, 
t h e  c a l c u l a t i o n s  u s i n g  i n t e n s i r i e s  ave raged  ove r  t h e  s i x  s p e c t r a l  
i n t e r v a l s  compr i s ing  t h i s  p o r t i o n  of t h e  spec t rum i n d i c a t e  a sub-  
s t a n t i a l  b r i g h t e n i n g  i n  t h e  i l l u m i n a t e d  hemisphere.  The i l l u m i n a t e d  
hemisphere i s  r e p r e s e n t e d  by a composi te  of two zones ,  whose a v e r a g e  
s o l a r  z e n i t h  a n g l e s  are 60° and 75O. These two zones  used  i n  con- 
j u n c t i o n  w i t h  a da rk  s i d e  computa t ion  are s u f f i c i e n t  t o  r e p r e s e n t  
t h e  p l a n e t a r y  phase  d u r i n g  t h e  o b s e r v a t i o n s  of Murray e t  a l .  Three 
s i t u a t i o n s  a r e  compared w i t h  t h e  obse rved  r e s u l t .  The l i g h t  s o l i d  
c u r v e  r e s u l t s  from a c a l c u l a t i o n  p l a c i n g  t h e  c l o u d  t o p s  a t  1.0 a t m .  
The dashed and d o t t e d  c u r v e s  r e s u l t  f rom an  0.3 a t m  p r e s s u r e  l e v e l  
under  v a r i o u s  a s sumpt ions .  The dashed case r e s u l t s  from d i f f e rences  
i n  t h e  computed t empera tu re  d i s t r i b u t i o n s  o v e r  t h e  d i s k  and show 
l i t t l e  v a r i a t i o n  w i t h  some asymmetry i n  t h e  l i m b  f u n c t i o n ,  w h i l e  t h e  
1.0 a t m  case shows appreciable n i g h t  s i d e  d a r k e n i n g  w i t h  c o n s i d e r -  
able asymmetry. The d o t t e d  case is  d i s c u s s e d  l a t e r .  A d a r k e n i n g  
comparable  t o  t h e  obse rved  amount can  be o b t a i n e d  w i t h  a more 
opaque atmosphere (Pc > 1 a t m )  a Such an  opaque a tmosphe re ,  how- 
e v e r ,  y i e l d s  an even greater degree of b r i g h t e n i n g  on t h e  i l l u m i -  
na t ed  hemisphere ,  w h i c h  i s  e n h a n c e d  and t h e  asymmetry i n c r e a s e d  i n  
t h e  computed l i m b  f u n c t i o n s  as t h e  p l a n e t a r y  phase  i s  i n c r e a s e d .  
S i n t o n ' s  o b s e r v a t i o n s  c l ea r ly  i l l u s t r a t e  t h a t  l i t t l e  change ,  i f  
any ,  occu r s  i.n t h e  shape of t h e  l i m b  f u n c t i o n  under  v a r i o u s  phase  
a n g l e s .  Hence, t h e  solar  h e a t i n g  and  i t s  re la ted  b r i g h t e n i n g  
m u s t  be minimized or i t s  e f f e c t s  e l i m i n a t e d  t o  y i e l d  acco rdance  
w i t h  t h e  o b s e r v a t i o n s  s i .nce an expla .na t , ion  of t h e  obse rved  d a r k e n i n g  
c a n n o t  be made on t h e  basis  of an a b s o r b i n g  a tmosphere  alone. The 
d i s p a r i t y  be tween t h e  o b s e r v a t i o n s  and  c a l c u l a t i o n s  s u g g e s t  t h e  
f o l l o w i n g  c o n s i d e r a t , i o n s  as m e a n s  f o r  r e c o n c i l a t i o n .  
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1. A v e r y  low C02 c o n c e n t r a t i o n  (qco << 0.05) may be 
n e c e s s a r y  'to minimize the  e f fec ts  of s o l a r  gea t ing  and i t s  subse -  
q u e n t  c o n t r i b u t i o n  t o  t h e  l i m b  b r i g h t e n i n g .  However, such  l o w  
c o n c e n t r a t i o n s ,  wha teve r  t h e i r  v a l u e ,  must s t i l l  be c a p a b l e  of 
y i e l d i n g  t h e  obse rved  e q u i v a l e n t  w i d t h s  of t h e  C 0 2  bands i n  t h e  
red and n e a r  i n f r a r e d  p o r t i o n s  of t h e  spec t rum.  Moreover,  t h e  
a tmosphere  becomes s o  t r a n s p a r e n t ,  u n l e s s  large v a l u e s  of c l o u d  
t o p  p r e s s u r e s  are u s e d ,  t h a t  t he  r e q u i s i t e  a b s o r p t i o n  is n o t  
a v a i l a b l e  t o  y i e l d  t h e  da rken ing  f u n c t i o n .  
2. The c l o u d s  may be r e s p o n s i b l e  f o r  t h e  obse rved  l i m b  
da rken ing .  S c a t t e r i n g  by c l o u d  p a r t i c l e s ,  a l a r g e  n e g a t i v e  t e m -  
p e r a t u r e  g r a d i e n t  w i t h i n  t h e  c l o u d ,  t h e  v e r t i c a l  c l o u d  s t r u c t u r e ,  
o r  some combina t ion  of t h e s e  i t ems  may c o n t r i b u t e  t o  t h e  obse rved  
l i m b  da rken ing .  A number of a u t h o r s  have c o n s i d e r e d  t h e s e  
p o s s i b i l i t i e s  (Refe rences  23, 24,25 ,26  and Zafor  example) and have 
demons t r a t ed  t h a t  each i s  c a p a b l e ,  a l o n e  o r  w i t h  some r e a l i s t i c  
combina t ion ,  of e x p l a i n i n g  the obse rved  da rken ing .  
3 .  If la rger  CO;2 amounts do e x i s t ,  t h e n  t h e  computed 
b r i g h t e n i n g  i n  t h e  s u n l i t  hemisphere  may be removed by dynamica l  
processes. G l o b a l  c o n v e c t i o n  c u r r e n t s  g i v i n g  rise t o  adiabat ic  
c o o l i n g  i n  t h e  s u n l i t  hemisphere and  an adiabatic h e a t i n g  on t h e  
n i g h t  s i d e  c o u l d  y i e l d  approximate ly  t h e  same t e m p e r a t u r e  d i s -  
t r i b u t i o n  above t h e  c l o u d s  f o r  day a n d  n i g h t  c o n d i t i o n s .  S o l a r  
h e a t i n g  may be s u f f i c i e n t  t o  a c t  as a d r i v i n g  f o r c e  f o r  a g e n e r a l  
a t m o s p h e r i c  c i r c u l a t i o n .  The maximum e f f ec t s  p e r m i t t e d  by such  
a c i r c u l a t i o n ,  w i t h  t he  observed  amounts of H 2 0 ,  would y i e l d  a 
t e m p e r a t u r e  d i s t r i b u t i o n  somewhat above t h e  c o r r e s p o n d i n g  
s a t u r a t i o n  c u r v e  fo r  H20. Although t h i s  d i s t r i b u t i o n  i s  r a the r  
a r b i t r a r y ,  i t  i s  a c o n v e n i e n t  and p h y s i c a l l y  p l a u s i b l e  one t o  u s e .  
The n e t  r e s u l t  of such  c i r c u l a t i o n  may be s i m u l a t e d  w i t h  these 
c o m p u t a t i o n s  and t h e  r e s u l t  i s  shown as t h e  dot ted  c u r v e  i n  
F i g u r e  15. The degree  of da rken ing  s t i l l  f a l l s  s h o r t  of t h e  
r e q u i r e d  amounts High p r e s s u r e s ,  c o u p l e d  w i t h  such  c i r c u l a t i o n  
would be r e q u i r e d ,  b u t  s a t u r a t i o n  c a n n o t  be ach ieved  a t  t hese  
l e v e l s  w i t h  t h e  obse rved  amounts 03 H20. 
The c o n c l u s i o n s  from t h i s  p a r t  of t he  a n a l y s i s  h inge  on 
t h e  p r e s e n c e  of s e v e r a l  p o s s i b l e  p h y s i c a l  c o n d i t i o n s  o r  phenomena. 
If t h e  c l o u d s  c o n s i s t  of i ce  c rys ta l s  t h e n  somewhat lower C02 
c o n c e n t r a t i o n s ,  s c a t t e r i n g  by the  c l o u d  p a r t i c l e s ,  or a tmospher i c  
m o t i o n s  t o  remove t h e  s o l a r  h e a t i n g  e f f e c t s ,  o r  a p r o p e r  com- 
b i n a t i o n  of a l l  t h r e e  i t e m s  a r e  r e q u i r e d  t o  y i e l d  t h e  obse rved  
d a r k e n i n g .  
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I f  t h e  c l o u d s  are n o t  water v a p o r ,  t h e n  even lower C02 
concent ra t ions  would be n e c e s s a r y  t o  reduce  t h e  so la r  h e a t i n g ,  b u t  I 
t h e n  t h e  observed  d a r k e n i n g  becomes inore d i f f i c u l t  t o  a c h i e v e  on 
t h e  n i g h t  s i d e .  The n e t  r e s u l t  r ema ins  t h e  same, i n  e i t h e r  case, 
t h a t  t h e  c l o u d s  must be r e s p o n s i b l e  f o r  p roduc ing  t h e  obse rved  
l i m b  da rken ing .  I 
C. Thermal E m i s s i o n  Spectrum of S i n t o n  and S t r o n g  
_. -
Measurements  of  t h e  e m i s s i o n  spec t rum of t h e  p l a n e t  Venus 
were r e p o r t e d  by S i n t o n  and S t r o n g  i n  1960 (Reference  18). The 
t o t a l  d i s k  o f  t h e  p l a n e t  w a s  used  t o  r e c o r d  t h e  spec t rum from 8-13p. 
I n  o r d e r  t o  s i m u l a t e  t h i s  o b s e r v a t i o n  w i t h  t h e s e  c a l c u l a t i o n s ,  t h e  
p l a n e t  w a s  d i v i d e d  i n t o  s e v e r a l  zones  of v a r y i n g  solar  z e n i t h  a n g l e .  
I n  a d d i t i o n ,  i d e n t i c a l  zones  of a s p e c t  o r  view a n g l e ,  r o t a t e d  
n i n e t y  degrees from t h e  z e n i t h  a n g l e  zones toward t h e  o b s e r v e r ,  are 
superposed  on t h e  p l a n e t .  The r e s u l t i n g  g r i d  is  shown i n  F i g u r e  1 6 ,  
where t h e  mean s o l a r  z e n i t h  a n g l e  and mean a s p e c t  a n g l e s  f o r  e a c h  
zone are i n d i c a t e d .  Symmetry p e r m i t s  c o n s i d e r a t i o n  of o n l y  one 
h a l f  t h e  observed  hemisphere.  The computed s p e c t r a  were s y n t h e s i z e d  
by t a k i n g  t h e  s p e c i f i c  i n t e n s i t y  from each  of  t h e  s i x  areas and 
w e i g h t i n g  t h e  v a l u e s  by t h e  r e l a t i v e  p r o j e c t e d  area of e a c h  zone.  
These are t h e n  summed t o  y i e l d  a f l u x  v a l u e  e m i t t e d  by t h e  i l l u m i -  
n a t e d  hemisphere.  T h i s  i s  r e p e a t e d  f o r  e a c h  s p e c t r a l  i n t e r v a l  o v e r  
t h e  r a n g e  8-131-1, u s i n g  i n t e r v a l s  40-100 c m - l  wide.  These f l u x e s  
are t h e n  averaged  w i t h  t h e i r  c o r r e s p o n d i n g  s p e c t r a l  f l u x e s  from 
t h e  n i g h t  hemisphere t o  y i e l d  t h e  f i n a l  v a l u e .  A r e f i n e m e n t  of 
t h e  p rocedure  u s i n g  g r e a t e r  s p a t i a l  r e s o l u t i o n  y i e l d e d  no s i g n i -  
f i c a n t  d i f f e r e n c e s .  
I d e a l l y ,  a comparison y i e l d i n g  agreement  o f  t h e  computed 
s p e c t r a  w i t h  t h e  obse rved  o n e ,  i s  d e s i r a b l e  o v e r  t h e  whole 8-131-1 
i n t e r v a l ,  A t  b e s t  however,  on ly  a, q u a l i t a t i v e  agreement  c o u l d  be 
a c h i e v e d  i n  two ways. The o v e r a l l  shape  o f  t h e  spec t rum,  n e g l e c t i n g  
t h e  11.2P f e a t u r e  can be r e a s o n a b l y  computed. A l t e r n a t i v e l y ,  a 
comparison can also be a t t a i n e d  on t h e  basis  of t h e  1 1 . 2 ~  f e a t u r e  
alone. S e v e r a l  combina t ions  of a t m o s p h e r i c  parameters were con- 
s i d e r e d  and s y n t h e s i z e d ,  and are shown i n  F i g u r e s  17  and 18, where 
t h e  b r i g h t n e s s  t e m p e r a t u r e  i s  p l o t t e d  as a f u n c t i o n  of wave leng th .  
The e f f e c t  of c l o u d  t o p  p r e s s u r e  i s  shown i n  F i g u r e  17 ,  assuming a 
c l o u d  t o p  e m i s s i v i t y  of u n i t y .  The o v e r a l l  s h a p e  of t h e  spec t rum 
i s  f a i r l y  w e l l  r ep roduced ,  a l t h o u g h  as may be e x p e c t e d ,  no  f e a t u r e  
a t  11,21-1 i s  a p p a r e n t .  A s l i g h t  increase of c l o u d  t o p  t e m p e r a t u r e  
w i l l  i n c r e a s e  t h e  g e n e r a l  l e v e l  of t h e  spec t rum t o  y i e l d  a be t t e r  
ag reemen t ,  wi thou- i -  a l t e r i n g  i t s  s h a p e .  I t  may be n o t e d  t h a t  an  
increase  i n  t h e  p r e s s u r e  l e v e l  y i e l d s  c o l d e r  t e m p e r a t u r e s  i n  t h e  
12-13p r e g i o n .  A l l  t h r e e  p r e s s u r e  l e v e l s  a p p e a r  t o  y i e l d  f a i r  
agreement .  
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F i g u r e  18 i l l u s t r a t e s  an a t t e m p t  a t  d u p l i c a t i n g  t h e  1 1 . 2 ~  
f e a t u r e ,  w i t h o u t  t h e  p r e s e n c e  of an add i t iona l  a tmosphe r i c  absorber 
or a p e c u l i a r  c l o u d  t o p  s p e c t r a l  e m i s s i v i t y .  A c l o u d  t o p  e m i s s i -  
v i t y  of one-half  i s  shown f o r  several  p r e s s u r e  l e v e l s .  Good ag ree -  
m e n t  i n  t h e  10-13p r e g i o n  is o b t a i n e d  w i t h  a c l o u d  t o p  p r e s s u r e  of 
0.3-0.5 a t m .  Again ,  t h e  general  l e v e l  may be i n c r e a s e d  t o  improve 
t h e  match by a s l i g h t  i n c r e a s e  i n  c l o u d  t o p  t e m p e r a t u r e  w i t h o u t  
d e s t r o y i n g  t h e  shape . E m i s s i v i t i e s  smaller t h a n  0.5 y i e l d  e x c e s s -  
i v e l y  h i g h  t e m p e r a t u r e s  i n  t h e  8- lop r e g i o n  w h i l e  v a l u e s  larger t h a n  
0.7 are i n s u f f i c i e n t  t o  y i e l d  t h e  11p  f e a t u r e ,  which o r i g i n a t e s  from 
a combina t ion  of t h e  t r a n s p a r e n c y  of  t h i s  s p e c t r a l  i n t e r v a l  and t h e  
d e c r e a s e d  e m i s s i v i t y .  The 0.3-0.5 a t m  p r e s s u r e  l e v e l  a p p e a r s  t o  
y i e l d  t h e  best f i t  f o r  t h i s  p o r t i o n  of t h e  spec t rum.  
A t  t h i s  p o i n t  i t  may be mentioned t h a t  a more d e t a i l e d  or 
e x t e n s i v e  s t u d y  is  n o t  j u s t i f i e d  u n t i l  more o b s e r v a t i o n a l  s t u d i e s  
c o n f i r m  t h e  spec t rum and i ts  11.2y f e a t u r e ,  p r e f e r a b l y  under  va ry -  
i n g  s p e c t r a l  r e s o l u t i o n ,  i f  p o s s i b l e .  Pending  such  c o n f i r m a t i o n ,  
however,  i t  is  f e l t  t h a t  t h e  general t r e n d s  i n t r o d u c e d  i n t o  t h e  
s p e c t r a  by v a r i o u s  factors are s t i l l  of i n t e re s t  and may c o n t r i b u t e  
t o  t h e  number of q u a l i t a t i v e  d e d u c t i o n s  p e r m i t t e d  by s u c h  an 
a n a l y s i s  . 
A fac tor  n e c e s s a r y  t o  c o n s i d e r  i s  t h e  i n f l u e n c e  of t h e  
obse rved  l i m b  d a r k e n i n g  on the  s p e c t r a .  T h i s  e f f e c t  may be 
c o n s i d e r e d  by a p p l y i n g  t h e  observed  l i m b  f u n c t i o n  t o  t h e  s y n t h e s i z e d  
s p e c t r a ,  s u c h  t h a t  t h e  c o n t r i b u t i o n  f r o m  t h e  o u t e r  zones of a s p e c t  
a n g l e  is  reduced.  I n  e f f e c t ,  t he  w e i g h t i n g  f a c t o r s  f o r  t h e  o u t e r  
zones  were d e c r e a s e d  a c c o r d i n g  t o  t h e  obse rved  l i m b  da rken ing .  D i s -  
c e r n a b l e  d i f f e r e n c e s  of s p e c t r a  computed w i t h  and w i t h o u t  t h i s  
a l t e r a t i o n  were n o t  found. 
A s econd  factor  which i n f l u e n c e s  t h e  s p e c t r a  is  t h e  p r e -  
s e n c e  or absence  of s o l a r  h e a t i n g  on t h e  s u n l i t  s i d e  of  t he  p l a n e t  
a r i s i n g  from near i n f r a r e d  C02 a b s o r p t i o n  i n  t h e  atmosphere.  I f  
r a d i a t i v e  e q u i l i b r i u m  a l o n e  p r e v a i l s  t h e n  t h e  s u n l i t  s ide of t h e  
p l a n e t  s h o u l d  be w a r m e r  t h a n  t h e  n i g h t  side and t h e  r e s u l t i n g  
s p e c t r a  are t h o s e  shown i n  F i g u r e s  17 and 18. If, however, p l a n e t a r y  
c o n v e c t i o n  p redomina te s  ove r  t h e  r a d i a t i v e  e q u i l i b r i u m ,  n e a r l y  
un i fo rm t e m p e r a t u r e s  may be expec ted  on t h e  day and n i g h t  s i d e s  of 
t h e  p l a n e t  and r e s u l t  i n  c o r r e s p o n d i n g l y  d i f f e r e n t  s p e c t r a .  T h i s  
r e s u l t  may be s i m u l a t e d  i n  t h e  computed s p e c t r a  by examining  t h e  
s p e c t r a  r e s u l t i n g  from t h e  use  of a s i n g l e  t empera tu re  distri-  
b u t i o n  o v e r  t h e  p l a n e t  . An a r b i t r a r y  b u t  p h y s i c a l l y  r e a s o n a b l e  
t e m p e r a t u r e  d i s t r i b u t i o n  t o  use under  such  assumpt ions  i n  t h e  p r e -  
s e n c e  of water v a p o r ,  would be the  s a t u r a t i o n  cu rve  c o r r e s p o n d i n g  
t o  the  obse rved  amount of water .  An examina t ion  of t h e  s p e c t r a  
r e s u l t i n g  f r o m  t h e  use  oI” t h e  H20 s a t u r a t i o n  c u r v e s  as the  t e m -  
p e r a t u r e  d i s t r i b u t i o n  i n  b o t h  hemispheres  y i e l d s  a f l a t  blackbody 
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s p e c t r u m  03 a b o u t  225OK i n  t h e  8-13p region.  
g r a d i e n t  g i v e s  n e a r l y  i d e n t i c a l  r e s u l t s ,  w i t h  o n l y  a s l i g h t  d r o p  
i n  t h e  1 2 - 1 3 ~  t e m p e r a t u r e s .  Hence, a composite spectrum as shown 
i n  F i g u r e s  17 and 18, which i n c l u d e s  t h e  d i f f e r e n c e s  i n  t h e  d a y  
and n i g h t  hemispheres ,  a p p e a r s  t o  be n e c e s s a r y  t o  y i e l d  a c lose 
agreement  i n  t h e  o v e r a l l  shape  of t h e  spec t rum.  
The u s e  09 a, s t eepe r  
The e f f e c t  of t h e  a c c u r a c y  of t h e  a b s o r p t i o n  c o e f f i c i e n t s  
may a l so  be d i s c u s s e d  p r e s e n t l y .  A s t u d y  showed t h a t  a 20% 
change i n  the  c o e f f i c i e n t s  y i e l d e d  no  s i g n i f i c a n t  d i f f e r e n c e  i n  
t h e  shape  of t h e  computed s p e c t r a .  
F u r t h e r  c o n c l u s i o n s  based  on a s p e c t r a l  comparison a l o n e ,  
r e q u i r e  a d i s c u s s i o n  of t h e  c l o u d  composi t ion .  Cloud e m i s s i v i t i e s  
near u n i t y ,  which are c h a r a c t e r i s t i c  of opaque i c e  c r y s t a l  c l o u d s ,  
are capable of y i e l d i n g  computed s p e c t r a  i n  f a i r  agreement  w i t h  
t h e  g e n e r a l  shape of t h e  observed  spec t rum,  u s i n g  a c l o u d  top  
p r e s s u r e  i n  t h e  r ange  0.1-0.3 a t m .  The 1 1 . 2 ~  f e a t u r e  is  n o t  
apparent under  t h e s e  c o n d i t i o n s .  On t h e  o t h e r  hand ,  c l o u d  emiss i -  
v i t i e s  i n  t h e  r ange  0.5-0.7 c o r r e s p o n d  to nonaqueous c l o u d s  and 
p r o v i d e  computed s p e c t r a  y i e l d i n g  t h e  l l p  f e a t u r e ,  b u t  w i t h  some- 
what  poorer agreement i n  t h e  8-9p i n t e r v a l ,  u s i n g  c l o u d  t o p  
p r e s s u r e s  from 0.3-0.5 a t m .  S p e c t r a l  e m i s s i v i t i e s  pecu l i a r  t o  
o t h e r  c l o u d  s u b s t a n c e s ,  i n  combina t ion  w i t h  t h e  o t h e r  a t m o s p h e r i c  
p a r a m e t e r s  canno t  be r u l e d  o u t ,  and may y i e l d  b e t t e r  agreement .  
An i n t e r e s t i n g  p o s s i b i l i t y  is  a combina t ion  of ice  c r y s t a l l i z e d  
o n t o  p a r t i c l e s  of C a C 0 3  or  Na2C03. E i t h e r  of t h e  l a t t e r  two 
s u b s t a n c e s  show s t r o n g  f ea tu res  a t  1 1 . 2 ~  and may be poss ib le  
c l o u d  p a r t i c l e  candidates  (Reference 28 ,  2 9 ) .  
These c o n c l u s i o n s  are a t  b e s t  q u a l i t a t i v e  and s u g g e s t i v e  
on ly .  A f a c t o r  n o t  c o n s i d e r e d  h e r e  which may p l a y  as grea t  a ro le  
i n  d e t e r m i n i n g  t h e  obse rved  zpectrum as t h e  c o m p o s i t i o n ,  i s  t h e  
v e r t i c a l  = c l o u d  s t r u c t u r e .  F u r t h e r  a n a l y s i s  must  await repeated 
o b s e r v a t i o n  of t h e  spec t rum,  p r e f e r a b l y  c a r r i e d  o u t  o v e r  v a r i o u s  
p o r t i o n s  of t h e  d i s k ?  i s o l a t i n g  t h e  s u n l i t  and d a r k  hemisphe res ,  
i f  p o s s i b l e .  
V. SUMMARY AND CONCLUSIOJ’JS -
An a t t e m p t  h a s  been made t o  i l l u s t r a t e  t h e  i m p o r t a n t  e f f e c t s  of  
s e v e r a l  p a r a m e t e r s  on t h e  a tmosphe r i c  s t r u c t u r e  i n  t h e  Venus atmos- 
p h e r e  above t h e  c l o u d  l a y e r .  The r e s u l t s  i n d i c a t e  t h a t  t h e  c l o u d  
top  p r e s s u r e ,  water c o n t e n t  and so l a r  h e a t i n g  by C02 a b s o r p t i o n  
have a s t r o n g  i n f l u e n c e  on t h e  a tmosphe r i c  s t r u c t u r e .  A compar ison  
of t h e s e  c a l c u l a t i o n s  w i t h  several  o b s e r v a t i o n a l  d a t a  p r o v i d e s  a 
s e v e r e  t e s t .  
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Within  t h e  l i m i t a t i o n s  of t h e  c a l c u l a t i o n s  and t h e  assumpt ion  
of  a 225OK b r i g h t n e s s  t empera tu re  f o r  t h e  c l o u d  t o p s  an,d a 5% C02 
c o n c e n t r a t i o n ,  t h e  r e s u l t s  of such a comparison lead t o  t h e  
f o l l o w i n g  c o n c l u s i o n s :  
1. A s t u d y  of t h e  w a t e r  vapor abundance y i e l d s  a c l o u d  
t o p  p r e s s u r e  of -0.3 atm f o r  i ce  c r y s t a l  c l o u d s ,  
and p r e s s u r e s  greater than  0.4 a t m  f o r  nonaqueous 
c l o u d s  . 
2 .  S t u d i e s  of t h e  thermal  e m i s s i o n  spectrum show good 
agreement  w i t h  t h e  o b s e r v a t i o n s ,  o v e r  t he  p r e s s u r e  
r a n g e ,  0.1-0.8 a t m ,  f o r  u n i t  c l o u d  e m i s s i v i t i e s  and 
0.3-0.5 a t m  f o r  s m a l l e r  e m i s s i v i t i e s  (-0.5). 
3. The l i m i t a t i o n s  on t h e  c l o u d  t o p  p r e s s u r e  l e v e l  may 
be f u r t h e r  res t r ic ted  by merging  t h e  above r e s u l t s .  
A p r e s s u r e  range  of 0.2-0.4 a t m  a p p e a r s  m o s t  
p r o b a b l e  for  i c e  c r y s t a l  c l o u d s  w h i l e  v a l u e s  from 
0.4-0.5 a t m  appea r  r e a s o n a b l e  f o r  nonaqueous c l o u d s .  
These l i m i t a t i o n s  on t h e  c l o u d  t o p  p r e s s u r e  are based 
on a c o n s t a n t  s p e c t r a l  e m i s s i v i t y .  However, t h e  c l o u d s  
themse lves  may be t o t a l l y  r e s p o n s i b l e  fo r  t h e  obse rved  
spec t rum,  i n  w h i c h  case  t h e  u s e  of an  a p p r o p r i a t e ,  
v a r i a b l e  s p e c t r a l  e m i s s i v i t y  would p r o b a b l y  y i e l d  
some a d j u s t m e n t  i n  t h e s e  l i m i t a t i o n s .  
4 .  An a n a l y s i s  of t h e  l i m b  f u n c t i o n  c a l c u l a t i o n s  y i e l d s  
no f u r t h e r  l i m i t a t i o n s  on t h e  c l o u d  t o p  p r e s s u r e  b u t  
y i e l d s  t h e  c o n c l u s i o n  t h a t  t h e  c l o u d s  are r e s p o n s i b l e  
f o r  t h e  obse rved  l imb da rken ing .  E a r l i e r  s t u d i e s ,  
n o t  c o n s i d e r e d  h e r e ,  of t h e  p l a n e t a r y  heat b a l a n c e  
y i e l d e d  s imi l a r  i n c o n c l u s i v e  r e s u l t s  f o r  t h e  c l o u d  
t o p  p r e s s u r e ,  w i t h i n  t h e  l i m i t s  of t h e  obse rved  a l b e d o .  
I n  order t o  improve t h e  p r e c i s i o n  of t h e  r e s u l t s  and t o  c l a r i f y  
t h e  impor t ance  of v a r i o u s  a tmospher ic  phenomena and  o t h e r  f ac to r s ,  
t h e  f o l l o w i n g  o b s e r v a t i o n s  a r e  s u g g e s t e d .  
a.  A c o n t i n u a t i o n  of t h e  d e t a i l e d  thermal  mapping 
as a f u n c t i o n  of p l a n e t a r y  phase .  
b. A r e p e t i t i o n  of t h e  8-13p spec t rum u s i n g  d i s t i n c t l y  
s u n l i t  o r  n i g h t  p o r t i o n s  i n s t e a d  of t h e  t o t a l  p l a n e t .  
c .  I f  p o s s i b l e ,  measurements of t h e  t o t a l  t h e r m a l  
spec t rum i n c l u d i n g  t h e  151-1 C02 band,  a g a i n  re- 
s o l v i n g  day or n i g h t  p o r t i o n s  of t h e  p l a n e t .  
d .  Ground-based measurements of t h e  near I R  C02 bands 
would also be d e s i r a b l e  as a f u n c t i o n  of s o l a r  z e n i t h  
a n g l e  o v e r  t h e  p l a n e t .  
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e .  High spa t ia l  a n d  spectral  r e s o l u t i o n  s t u d i e s  of 
t h e  pho tograph ic  I R  spec t rum of Venus. P o s s i b l e  
v a r i a t i o n s  w i t h  t i m e  and p o s i t i o n  o v e r  t h e  s u n l i t  
d i s k  of t h e  p l a n e t ,  as a f u n c t i o n  of p h a s e ,  are 
needed t o  p r o v i d e  a b e t t e r  p h y s i c a l  p i c t u r e  of 
t h e  c l o u d  s t r u c t u r e ,  as w e l l  as a c learer  
i n d i c a t i o n  of t h e  r e l a t i v e  r o l e s  of s c a t t e r i n g  
and  a b s o r p t i o n .  High r e s o l u t i o n  s p e c t r a  w i t h  t h e  
s l i$ p l a c e d  o v e r  v a r i o u s  zones  of e q u a l  solar  
z e n i t h  a n g l e  may p r o v i d e  some i n d i c a t i o n  of 
v a r i a t i o n s  i n  t h e  r o t a t i o n a l  t e m p e r a t u r e  o v e r  t h e  
S u n l i t  p a r t  of t h e  d i s k .  S i m i l a r  s p e c t r a  w i t h  
the slit a d j u s t e d  p e r p e n d i c u l a r  t o  t h e  t e r m i n a t o r  
may y i e l d  some data  on v a r i a t i o n s  i n  t h e  c l o u d  
t o p  e l e v a t i o n  w i t h  so l a r  z e n i t h  a n g l e ,  i f  p r e e e n t .  
As may be seen f r o m  t h e  above c o n c l u s i o n s ,  t h e  incomple t e  
agreement  of t h e  c a l c u l a t i o n s  w i t h  cer ta in  o b s e r v a t i o n s  s u g g e s t s  
% h a t  t h e  s imple  r e f l e c t i n g  c l o u d  l a y e r  model may be i n a d e q u a t e .  
Hence, f u r t h e r  t h e o r e t i c a l  s t u d i e s  i n  d e v e l o p i n g  more r ea l i s t i c  
c l o u d  models and t h e i r  subsequen t  i n f l u e n c e  on t h e  a tmosphe r i c  
s t r u c t w r e  are needed. 
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I pc = 0.30 atm qco2 = 0.05 I 
Figure 4-Convective flux, mean vertical gas velocity, mixing length, density and 
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